Introduction
Glucose-6-phosphate dehydrogenase (G6PD) (MIM# 305900) is an X-linked enzyme that catalyzes the production of nicotinamide adenine dinucleotide phosphate (NADPH) in the pentose phosphate pathway (PPP) of the red cell (Poggi et al. 1990 ). G6PD deficiency is the most common enzyme disorder in humans (WHO 1989) . This disorder causes many clinical manifestations, including neonatal jaundice, acute or chronic hemolytic anemia, neonatal hyperbilirubinemia, and favism (Beutler 1994) . The prevalence of G6PD deficiency is high in the Southeast Asian population where malaria has historically been endemic (Nuchprayoon et al. 2002; Iwai et al. 2001) .
The G6PD gene consists of 13 exons distributed over approximately 18 kb on the distal long arm of the X chromosome (Xq28) (Martini et al. 1986 ). To date, at least 442 G6PD variants have been described by biochemical characterization (Xu et al. 1995) , and 130 G6PD mutations by molecular technique (Hamel et al. 2002) . G6PD mutations in Southeast Asians are specific to certain ethnic groups. G6PD Viangchan (871G [ A; Val291Met) is the most common mutation among Thais (Nuchprayoon et al. 2002) , Laotians (Iwai et al. 2001) , and Cambodians (Louicharoen et al. 2005; Matsuoka et al. 2005) , whereas G6PD Mahidol (487G [ A; Gly163Ser) is the most common mutation among Burmese in Myanmar (Matsuoka et al. 2004) .
Mon is a minority tribe in southern Myanmar. Mon people speak Monic, an Austro-Asiatic language similar to Thais and Cambodians, whereas Burmese speak Burmese (Bamar), a Tibeto-Burman language. We report here a study of G6PD deficiency and mutations in Mon and Burmese in southern Myanmar and demonstrate that their G6PD-deficient mutations are similar despite their distinct language and cultural roots.
Materials and methods

Subjects
Blood samples were collected from 162 Mon and 178 Burmese male migrant foreign laborers in Samutsakhon province, Thailand, as part of a health screening program before receiving a work permit in Thailand. Interviews of participants included their self-reported ethnic classification and place of birth. Blood samples were divided into two parts, 3 ml in acid citrate dextrose (ACD) for G6PD activity assay and 2 ml in ethylenediaminetetraacetate (EDTA) for molecular characterization, and were stored at 4°C until used. Samples that were found to be G6PD deficient were tested further for mutation analysis and haplotype analysis. Samples that were G6PD normal were randomly selected for haplotype analysis.
G6PD activity assay
G6PD activity assay was performed within 7 days according to our previous study, which was based on the World Health Organization (WHO) recommended standard test (Betke et al. 1967) .
G6PD mutations analysis
Genomic DNA was extracted using a DNA blood mini kit (QIAGEN, Germany) according to manufacturer's instruction. To identify G6PD mutations, we initially screened for G6PD Mahidol (487G [ A), which was previously found to be the most common mutation in the Burmese population (Iwai et al. 2001; Matsuoka et al. 2004 ). G6PD-deficient DNA samples whose mutation remained unknown were assayed for eight common mutations that were previously reported from Southeast Asians:
, and G6PD Coimbra (592C [ T) (Nuchprayoon et al. 2002; Tang et al. 1992; Saha et al. 1994; Huang et al. 1996; Ainoon et al. 1999 Ainoon et al. , 2002 . For G6PD mutation assays, the target gene was amplified using polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP) technique with an appropriate primer set (Table 1 ) (Nuchprayoon et al. 2002; Huang et al. 1996) . The typical PCR reaction was carried out in a 10-ll reaction containing 19 PCR buffer, 0.5 U of Taq polymerase (Fermentas), 20 ng of each primer, 1.5 mM MgCl 2 , 200 lM of each dNTPs, and approximately 50 ng DNA template. After incubation at 94°C for 5 min, amplification was carried out for 35 cycles with the following temperature cycling parameters: 94°C for 0.45 min, 56°C for 0.45 min, 72°C for 0.45 min, and final extension for 7 min at 72°C. Five microliters of PCR product was digested with 1 U of an appropriate restriction enzyme digestion set (Huang et al. 1996) according to manufacturer's protocols (New England Biolabs). The digestion was incubated for 2-4 h, subjected to electrophoresis on 6% acrylamide gel, and then stained with ethidium bromide.
For all unknown mutation samples, PCR direct sequencing was performed for each exon with primers in Table 1 (Nuchprayoon et al. 2002; Huang et al. 1996; Tang et al. 1992; Ninokata et al. 2006) . For haplotype analysis, PCR-RFLP technique was performed for detecting nt1311C [ T polymorphism in exon 11 and nt93T [ C polymorphism in intron 11 (Vulliamy et al. 1991; Beutler et al. 1991) . Cases with G6PD Vianchan (871G [ A, 1311T) were distinguished from G6PD Jammu (871G [ A, 1311C) by the presence of nt1311C [ T.
Results
G6PD activity in 162 healthy Mon males and 178
Burmese males showed a normal distribution. The average G6PD activity was 6.34 ± 2.89 IU/g Hb [mean ± standard deviation (SD)] in Mon and 6.56 ± 2.69 IU/g Hb in Burmese. G6PD activity less than 1.5 IU/g Hb was classified as G6PD deficiency. Ethnic group, origin of subject, and number of G6PD-deficient subjects are shown in Table 2 .
Nineteen (12% of 162) Mon males were G6PD deficient and assayed for mutation. Using PCR-RFLP assays, 12 (63% of 19) were G6PD Mahidol, and one each was G6PD Jammu (871G [ A; nt 1311C) and G6PD Kaiping (1388G [ A). We also screened for G6PD Canton
, and G6PD Coimbra (592C [ T) but could not identify any of these mutations in G6PD-deficient Mons. To identify whether mutation 871G [ A was G6PD Viangchan (1311C [ T) or G6PD Jammu (1311C), we used a PCR-RFLP technique with restriction enzyme BclI and identified nt 1311C in the sample with 871G [ A, establishing a case of G6PD Jammu in a Mon subject.
DNA sequencing from all coding exons of G6PD genes of the five remaining G6PD-deficient Mons revealed a case of G6PD Mediterranean (563C [ T), and a novel mutation 94(C [ G) in a Mon individual from Pha-un province in Myanmar (Fig. 1) . The G6PD activity of 94(C [ G) was not detectable (Table 3 ). The mutations of three G6PD-deficient Mons remained unidentified.
Seventeen (10% of 178) Burmese males were G6PD deficient. Twelve (71%) G6PD-deficient Burmese were G6PD Mahidol (487G [ A) and one (6%) was G6PD Coimbra (592C [ T). DNA sequencing from all coding exons of G6PD genes of the four remaining G6PD-deficient samples identified G6PD Kerala-Kalyan (949G [ A) in one case and G6PD Valladolid (406C [ T) in another case, whereas two remained unidentified.
Mon and Burmese who had G6PD Mahidol came from various places of birth in Myanmar ( Fig. 2 ; Table 2 ). Subjects with G6PD Mahidol had variable G6PD activities ranging from no detectable activity (8 of 24) to some residual activities. The average G6PD activity (± SD) for G6PD Mahidol was 0.43 ± 0.48 IU/g Hb (Table 3 ). All cases of G6PD Mahidol had haplotype 93T, 1311C. This haplotype was also the predominant haplotype in all G6PD-deficient Mons and Burmese, except for one case with G6PD Valladolid (406C [ T).
Among 31 G6PD-normal Burmese randomly selected for haplotype analysis, 93T, 1311C (n = 22, 71.0%) was the most common, followed by 93C, 1311T (n = 8, 25.8%) and 93T, 1311T (n = 1, 3.2%), whereas 93C, 1311C was not identified. Among 32 G6PD-normal Mon randomly selected for haplotype analysis, only two haplotypes were found. Similar to the Burmese subjects, haplotype 93T, 1311C (n = 23, 71.9%) was more common than 93C, 1311T (n = 9, 28.1%), but the haplotype 93T, 1311T was not identified.
Discussion
Through a study for G6PD deficiency, we found the prevalence of G6PD deficiency to be high in Mon (12%) and Burmese (10%) males. Our result in Mons was higher than the previous report (6.7%; 3 of 42) (Iwai et al. 2001) . The sample of Mons in our study was 3.6 times larger than that study and thus more accurate. The high prevalence of G6PD deficiency in Southeast Asians may be due to natural selection by malaria, which is endemic in Southeast Asia (Flatz et al. 1963) .
There are many distinct ethnic groups in Myanmar. The eight largest groups are Burmese (Burman), Karen, Rakhine, Kachin, Kayin, Kayah, Chin, and Mon. Because of their distinctive language and cultural background and closed society until very recently, we could rely only on the self-reported ethnic classifications of the study participants. Vulliamy et al. (1991) Mon people speak Monic (Mon), which is an AustroAsiatic, Mon-Khmer language, spoken by Mons and Cambodians (Gordon 2005) . Historically, Mons were among the earliest people to settle in present-day southern Myanmar. Burmese people migrated to Myanmar around 800 AD and became the largest ethnic group in Myanmar. A Mon kingdom existed until 1757, after which it was repressed by the Burmese (Church 2003) . Until now, there were few reports on genetic markers in Mon.
Burmese natives speak Burmese (Bamar), a TibetoBurman language. Because of their distinctive language, it has been controversial whether today's Mon share a common ancestry with Burmese or Thai-Cambodian. We found that G6PD Mahidol was the most common mutation in Mon and Burmese males, with an allele frequency of 0.08 and 0.07, respectively. This finding confirms the results of previous reports that G6PD Mahidol is the predominant mutation in Burmese and Mon people in Myanmar (Iwai et al. 2001; Matsuoka et al. 2004) . Our findings in Mon are in sharp contrast with two previous studies of Cambodians in which G6PD Viangchan was found to be the most common G6PD deficient mutation: 28 of 34 (82.4%) in one study (Louicharoen and Nuchprayoon 2005) and 46 of 47 (96.5%) in the other (Matsuoka et al. 2005 ) and G6PD Mahidol was not present in any of the G6PD-deficient Cambodians.
We also found that all subjects with G6PD Mahidol and almost all other Mon and Burmese mutations had haplotype 1311C and 93T. This haplotype is present in the majority of G6PD-normal Mon as well as Burmese. This is different from G6PD Viangchan in Cambodians and other populations, which have haplotype 1311T by definition, and 93T (Yan et al. 2006) . Although haplotypes of Cambodians have not been reported in the literature, this evidence supports a common ancestry between Mon and Burmese rather than Cambodians.
In addition to G6PD Mahidol, we also identified a few other G6PD-deficient mutations and a novel mutation: a 94 Fig. 1 Chromatogram of glucose-6-phosphate dehydrogenase (G6PD) 94C [ G (C [ G) in a Mon individual from Pha-un province in Myanmar. The point mutation 94 (C [ G), which occurs in exon 3, is predicted to change amino acid from histidine to aspartic acid at residue 32 and result in no G6PD activity in the subject, thus is a class II variant. This mutation is close to G6PD Gaohe (95A [ G), which changes the same amino acid residue from histidine to arginine. A few mutations were suggestive of an Indian contribution to the Mon and Burmese G6PD-deficient gene pool: G6PD Jammu (871G [ A; 1311C), G6PD Mediterranean, and G6PD Kerala-Kalyan (949G [ A). G6PD Jammu was previously found in an Indian (Beutler et al. 1991 ). G6PD Mediterranean is widely distributed in different populations in the Mediterranean regions of southern Europe, the Middle East, and India. The haplotype of our G6PD
Mediterranean case was 1311C and 93T, which is similar to those with the Indian, rather than the Middle Eastern, type (Beutler and Kuhl 1990) . G6PD Kerala-Kalyan (949G [ A) was reported to be prevalent (24.9%) in India (Sukumar et al. 2004) . None of these mutations were found in Thai, Laotians, or Cambodians, whereas G6PD Mediterranean was found in approximately 30% of G6PD-deficient Indonesians from central Java (Soemantri et al. 1995) , 27% of G6PD-deficient Malaysian Malays (Ainoon et al. 2002) , occasionally in Thais of the southern province of Thailand (Laosombat et al. 2005) , and G6PD KeralaKalyan was also identified in Urak-Lawoi, a sea Gypsy population of the Andaman Sea who inhabited Phuket Island in southern Thailand (Ninokata et al. 2006) . Both polymorphisms C and T are present at nt 1311 in Indians Numbers represent number of G6PD mutations identified. *one, ** two, *** three, **** four cases were Mon with G6PD Kerala-Kalyan (Sukumar et al. 2004) . Our finding of G6PD Kerala-Kalyan in a Burmese from Yangon suggests the flow of this gene from India southward. G6PD Kaiping is a predominant mutation among Chinese (Yan et al. 2006 ). This mutation is also the second most common mutation in southern Thailand (Laosombat et al. 2005) . It is found in a few cases of Phuket Islanders in southern Thailand (Ninokata et al. 2006 ) and a few cases of Malaysian Malay (Ainoon et al. 2002) . The haplotype of Chinese with G6PD Kaiping is also uniformly 1311C and 93T (Yan et al. 2006) , similar to our Mon case in this study.
G6PD Coimbra (592C [ T) is widely distributed across Europe and Asia but at low frequencies (Corcoran et al. 1992) . G6PD Coimbra was previously reported in two G6PD-deficient Burmese (Matsuoka et al. 2004 ): one was from Yangon, which is similar to our case. G6PD Coimbra was also found in 3.5% of G6PD-deficient Malaysian Malay (Ainoon et al. 2002; Iwai et al. 2001 ) and in Flores Island, Indonesia (Kawamoto et al. 2006) .
G6PD Valladolid (406C [ T) has been previously identified in Spaniards Zarza et al. 1997) and Mexicans (Vaca et al. 2003) . This mutation occurs in exon 5 and is predicted to code for cysteine at residue 135 instead of arginine and has reduced G6PD activity (0.64 IU/g Hb). How this mutation occurs in a G6PD-deficient Burmese subject is unclear. The mutation could have arisen independently, as there is no known strong historical linkage between Spain and Myanmar. However, a distinct haplotype seen in this case was different than in Burmese at large, suggesting a different ethnic origin of this individual, possibly during British occupation of Myanmar.
In summary, the G6PD mutations in Burmese are more heterogenous than previously suggested (Iwai et al. 2001; Matsuoka et al. 2004) . Despite this heterogeneity, G6PD Mahidol is by far the most common G6PD-deficient mutation among Burmese and Mon populations. Its uniform and identical haplotype in both Mon and Burmese also confirm the common origin of these ethnic groups.
